SKS and SKKS waveforms from 16 events occurring between 2003 and 2005 in the Tonga Trench that were recorded by the BOLIVAR array are analyzed to determine the structure of the D layer beneath the Galapagos Islands. 248 differential travel-time residuals of SKKS-SKS are measured and reveal a region of positive residuals of differential travel times in the northeast portion of the sampled region. Analyzing correlation statistics between the measured SKKS-SKS residuals and the observed absolute travel time delay of the individual SKS and SKKS phases for two events with high data quality, we determine that the residual differential travel time is due to excess low velocity along the SKKS raypaths. First order modeling of three potential low velocity structures, ultra-low velocity zones (ULVZ), plume conduit, D structure, indicates that the observed SKKS-SKS residuals can be best explained by a low velocity anomaly within the D layer. To determine the presence of lower mantle anisotropy, amplitude ratios of the radial and transverse component of SKS and SKKS waveform are calculated and compared. Regions with significant presence of seismic anisotropy are interpreted as the edge of the flow field associated with a hypothetical mantle upwelling.
Introduction
Understanding the nature of the structure and dynamics of the D layer is pertinent to our awareness of how this layer influences larger scale dynamics in the Earth's mantle. The D region is of particular interest to Earth scientists as the layer is a probable graveyard for subducted oceanic lithosphere as well as a possible source region for mantle plumes (Christensen and Hofmann, 1994; Yuen and Peltier, 1980) . While the D layer has been extensively studied beneath Central America and the Caribbean (e.g., Hutko et al., 2006; Garnero and Lay, 2003; Lay et al., 2004a; Maupin et al., 2005; Rokosky et al., 2004; Reasoner and Revenaugh, 1999; Kendall and Shearer, 1994) , the region directly underlying the Galapagos Islands has not been well * Received 27 August 2010; accepted in revised form sampled by shear wave phases. Furthermore, recent geochemical measurements have indicated that the source of the Galapagos volcanism may be from a deep mantle plume source similar to the Hawaii and Samoa hotspots as it has a high He 3 /He 4 ratio (Graham et al., 1993) . The origin of hot spot volcanism and its associated geochemical signature in relation to mantle dynamics, however, has long been a debated subject. Some previous seismic, geochemical, and geodynamic studies present arguments supporting a deep mantle source for plume genesis (e.g., Montelli et al., 2004; Wen, 2006) . Other recent studies, however, provide evidence that not all hot spots require a deep plume source or that OIB (ocean island basalt) formation does not require a distinct mantle chemical reservoir or a plume source (e.g., Courtillot et al., 2003; Meibom and Anderson, 2004) . Recent seismic sampling of the mantle beneath the Galapagos Islands provides evidence for a plume source reaching depths greater than the transition zone (Hooft et al., 2003; Montelli et al., 2004) . Finite fre-quency tomography imaging the hotspot provides evidence the plume conduit is nearly vertical from the surface to a depth of approximately 1 000 km (Montelli et al., 2004) . The primary objective of this study is to use SKS and SKKS waveforms that directly sample the D directly beneath the Galapagos hotspot to search for evidence of a deep plume root.
The region sampled in this study is likely a seismically complex region as it is located near the edge of the large Pacific thermochemical pile (e.g., McNamara and Zhong, 2005) and is bounded to the Northeast by ancient subducted slab material beneath the Cocos Plate (e.g., Hutko et al., 2006; Garnero and Lay, 2003) . As edges of thermochemical piles have been suggested to generate D structures such as ultra low velocity zones by geodynamic studies (Hernlund and Tackley, 2007) , our study region has high potential to sample such complex structure if it exists. Additionally, our study region's location is near the border between high velocity slab material and low velocity thermochemical pile material, where there likely exists a high lateral shear-wave velocity gradient that may lead to deep plume genesis in the region (Thorne et al., 2004) . The potential seismic complexity of the region and its location near the border between the slab and the thermochemical pile regimes makes seismically characterizing the region's D layer key to understanding the overall deep mantle dynamics and potential for plume genesis beneath the Galapagos Islands. Figure 1 ). This particular data set is unique in that the SKS and SKKS waveforms samples the D both in the West Pacific and in the region about the Galapagos hotspot and northwestern South America. Moreover, the data samples azimuths in the SW-NE direction whereas most previous studies primarily sample at azimuths that are in the SE-NW or S-N directions (e.g., Ding and Helmberger, 1997; Garnero and Lay, 2003; Kendall and Nagini, 1996; Lay et al., 2004a; Maupin et al., 2005; Reasoner and Revenaugh, 1999; Thomas et al., 2004) . To analyze and interpret the waveform data we exploit the fact that since the two phases sample the same region in the upper mantle and transition zone, measured residual SKKS-SKS differential travel times and differences anisotropy between the SKKS and SKS phases can be directly attributed to lower mantle structure.
Data and methods

Residual differential travel time calculations
The raw broadband data is preprocessed with a bandpass filter using corner frequencies of 50 s and 2 s to enhance the SKS and SKKS arrivals. The exception to this preprocessing is the event occurring on March 30, 2005 which was bandpass filtered with corner frequencies of 10 s and 2 s to remove a low frequency signal in the data that was obscuring the arrivals of the two phases of interest. Prior to calculating the differential travel time residuals a Hilbert transform is applied to the SKS waveform in order to account for the π/2 shift between the SKS and SKKS phases. The residual differential travel time, δT 2K−K , is calculated by subtracting calculated differential travel time of the PREM model (Dziewonski and Anderson, 1981) ΔT 
The observed differential travel time (ΔT O 2K−K ) is measured by cross correlating the Hilbert transformed SKS waveform and SKKS waveform for each event station pair (Figure 2 ). To ensure stability of the cross correlation multiple time windows varying in length from 8 to 15 seconds were tested to check that the ΔT O 2K−K values remained consistent; seismograms were additionally visually inspected to ensure the quality of the measured differential travel-time residuals. It is important to note that this methodology alone cannot distinguish between source side and receiver side anomalies as well as whether the anomalous velocity structure is along the SKS or SKKS raypath. In order to determine the nature of the residual time, other factors such as geographic distribution of the residuals and the correlation of the residuals to the individual SKS and SKKS travel time anomalies must be considered. The use and results of applying these controls to our data set will be discussed in detail later in this paper.
Determining lower mantle anisotropy
The concept of anisotropy in the D layer is not new; multiple studies have examined shear wave phases that sample the lower mantle to determine the extent and amount of anisotropy in the deep mantle (e.g., Russell et al., 1998; Fouch et al., 2001; Niu and Perez, 2004; Garnero et al., 2004a, b; Rokosky et al., 2006) . In this study we exploit the fact that for a specific event and station pair, the SKS and SKKS, the shear wave splitting should be identical if the entire anisotropic component is restricted to the upper mantle. Hence, any difference between the measured shear-wave splitting, between the two phases from the dataset can be isolated to an anisotropic component in the lower mantle. The traditional method of measuring anisotropy by minimizing the energy of the tangential component (Silver and Chan, 1991) was applied to the data. However, the measured error yielded by the method for both phases was generally on the order of ∼22
• for the fast azimuth and ∼2 s for the time lag making the measurements unreliable for a direct comparison of SKS and SKKS anisotropy.
In order to derive an analogue for anisotropy, we examine the amplitude ratios of the SKKS and SKS phases for the radial and transverse components. We exploit the fact that upon leaving the core all the shear wave energy is limited to the radial component for the SKS and SKKS phases and that energy on the transverse component is due solely to anisotropy along the receiver side raypaths. While the individual amplitudes of the SKS and SKKS phases differ, the ratios of energy on the radial to transverse component of the SKS and SKKS waveforms for any station-event pair should be equal if the two phases only encounter anisotropy in the upper mantle. Deviations from this norm are therefore indicative of lower mantle anisotropy. The ratios are calculated by measuring picked peak amplitudes of the SKS and SKKS arrivals on both the radial and transverse components. The amplitude ratios are defined as follows:
where SKS R , SKS T , SKKS R , and SKKS T are the measured amplitude of the indicated phase on the radial and transverse components respectively. Based on the ratio calculation when R, the final ratio measurement, has a value approximately equal to unity, this indicates that the entire shear wave splitting of both phases is due to anisotropy in the upper mantle. For analysis we limit the data set to seismograms that have an intermediate or deep source and have easily identifiable peak amplitudes. The data used in this processing is further limited to data for which both R 1K and R 2K are be-tween values of 0.5 to 2; this is to ensure that the two are comparable prior to calculating R. After applying these quality filters, the data is reduced from 248 measurements to 53 reliable amplitude ratio measurements for analysis.
Results
To examine the differential travel time residuals for the 16 events, 248 reliable measurements are plotted at the core-mantle boundary entrance and exit points for both the SKS and SKKS phases (Figure 3 ). Here we present our interpretation of these results considering the dataset as a whole rather than smaller subset of data. As with all differential travel-time residual data there is an element of non-uniqueness in the interpretation, tradeoffs between the amount of velocity perturbations on source and receiver side of the ray paths exist as the data represents the cumulative anomaly along the paths. With respect to the CMB entrance points the positive and negative residuals are intermixed within the same geographical region; this is especially evident with the SKKS entrance points along 150
• E longitude ( Figure 3) . Conversely, the residuals plotted at the CMB exit points have a strong geographic pattern where the SKKS-SKS residuals become largely positive to the Northeast along either the SKKS or SKS raypaths with minimal mixing of the positive and negative residuals. Because this coherent pattern exists on the CMB exit (receiver) side for all the events in this study, we interpret that there is a velocity anomaly is located beneath the Galapagos or South America contributing to the observed residuals. The data by themselves do not determine whether the positive SKKS-SKS residuals are due to a low velocity along the SKKS raypath or high velocity along the SKS raypath. To remove this ambiguity for the data simple statistics can be applied to explore the data set and differentiate between the anomaly sources. We examine two events, event #15 and event #16 occurring on March 19, 2005 and March 30, 2005 respectively, with the high quality data and a large station sampling of approximately 40 stations per event (Table 1) . Because the observed differential travel-time residuals are sensitive to receiver velocity perturbations, there should exist a strong correlation between the residual and the arrival of the phase responsible for the residual. A similar method was applied by Russell et al. (1999) to successfully determine contribution of the S and ScS phase to observed differential travel time residuals. In order to perform the correlations, the excess travel time is calculated for the SKS and SKKS arrivals individually with respect to the 1D PREM model (Dziewonski and Anderson, 1981) and the 3D correction. These absolute travel time residuals are further processed by removing the mean for the data; this does not affect the correlations as it merely shifts the data to the region about a zero mean. The resultant plot of the absolute times versus the observed residuals (Figure 4) clearly shows a distinct relation between the SKKS phase and the residual differential travel time measurements. Additionally, the correlation coefficients for the two events corroborate the qualitative observations; the correlation coefficients for the SKS and SKKS phases are −0.08 and 0.61 for event #15 and −0.02 and 0.52 for event #16, respectively ( Table 1 ). The extremely low correlation coefficients associated with the SKS phase is a strong indicator that observed residuals are not due to a high velocity anomaly along the SKS raypath. Whereas the stronger correlation of the differential travel-time residuals with the absolute SKKS travel times indicates there is a contribution from a low velocity structure along the SKKS raypath to the observed residual SKKS-SKS differential travel time measurements. The combination of the geographical analysis and the correlation statistics allow us to conclude the positive SKKS-SKS differential travel-time residuals are due to a low velocity perturbation in the lower mantle along the SKKS sampling region beneath the Galapagos Islands.
While it is tempting to immediately associate the low velocity perturbation to a structure in the D such as a plume source region or ULVZ, one must note that the size, shape, and magnitude is not well defined by the differential travel-time residuals alone. Hence, we search for lower mantle anisotropy as a clue to further define the lower mantle structure in the region. Fiftythree reliable ratio measurements were obtained from the dataset and plotted at their geographic CMB exit points in Figure 5 . The largest amplitude ratio variations between the two phases centered about 110
• E longitude and 1
• N latitude with respect to the SKKS CMB exit point. While possible influence of the BHR/BHT ratios due to different anisotropy due to active subduction beneath South America cannot be ignored, the ratio variations are assumed to be due to structure related to the SKKS raypath for the purposes of this study. Based on S wave tomography (Grand, 2002) , SKS raypaths do not appear to sample significant slab material in the lower mantle or more specifically in the boundary layer between the mantle and core where detectable anisotropy would be easily detected (Montagner, 1998) . Figure 4 Correlation of the absolute travel time of the SKS and SKKS with the mean removed with the observed residual differential SKKS-SKS travel times for two high quality events, #15 (a) and #16 (b). For both events the SKS correlation is extremely weak while the SKKS correlation has a relatively stronger positive value. This implies that the velocity perturbation causing the observed differential travel-time residuals is due to excess low velocity sampled by the SKKS raypaths.
The SKKS raypaths, however, sample a complex region of the lower mantle where anisotropy is likely to be present due to the high potential for complex structure or mantle flow. Furthermore, recent mineralogical studies of the post perovskite phase indicate that within a downwelling slab strong anisotropy does not develop until it reaches the core mantle boundary (Merkel et al., 2007) . There are two potential sources of anisotropy in the D layer that would both influence SKS and SKKS shear wave splitting, LPO under the influence of lower mantle flows and the structural fabrics such as layers of melt or chemical heterogeneities (McNamara et al., 2001; Kendall and Silver, 1996; Williams and Garnero, 1996; Hall et al., 2004; Panning and Romanowicz, 2004) . Lacking additional evidence supporting the presence of melt layers or other structural sources for anisotropy, we attribute the observations to LPO (lattice preferred orientation) for simple interpretation. The post perovskite phase develops lattice preferred orientation under pressure conditions present in the D layer that can lead to significant anisotropy (Murakami et al., 2004; Merkel et al., 2007) . Because the SKS and SKKS phases do not generate energy on the transverse component when the wave is traveling parallel to the principle axis of anisotropy, the measured ratios with a value near 1 have two possible interpretations. Since the raypaths have a similar azimuth throughout the data set, the ratio values near one may be attributed to the principle axis of anisotropy having a NE-SW alignment. The second possible explanation is that there is no lower mantle anisotropy in the regions where the ratios reach unity such as the area at 85
• W longitude and 1 • S latitude ( Figure 5 ). Given the evidence for discrepancy between the SKS and SKKS anisotropy measurements through the majority of the study region and the low velocity anomaly in the region, the prior interpretation for the "null" ratios is preferred. In order to better characterize the potential source for the observed residual SKKS-SKS travel time and BHR/BHT amplitude ratio data, we employ a simple forward modeling methodology to determine a feasible first order models of the low velocity zone. The main objective of this modeling is not to construct a comprehensive model of the detected low velocity but to identify the behavior of three end member regimes of lower mantle structure, an ultra low velocity zone at the base of the mantle, a large low velocity quadrant contained in the D layer, and a vertical plume conduit through the lower mantle. The model space is defined by a three dimensional grid where each block is 0.5
• ×0.5
• ×50 km and each grid point contains the velocity perturbation information. In order to effectively model a thin ULVZ of 50 km at the base of the mantle, we decrease the vertical dimension of the grid to 25 km so that there are multiple grid points sampled within the anomaly. Because the objective of this modeling is to calculate the differential travel time residuals, model velocity perturbations with respect the 1D background model (PREM) were limited to the constructed anomaly. To calculate the predicted change in travel time due to the modeled perturbation, we use the raypath approximation of the SKKS phase to calculate a 3D travel time correction for the model space. Because the only velocity perturbation in the model is the constructed anomaly, the calculated 3D correction is equivalent to the residual differential travel time caused by low velocities along the raypath. While a small suite of different geometries and anomaly geographic locations was calculated for type of model, here we show only three of the end member models that are representative of the behavior for each model category.
To simulate a ULVZ beneath the Galapagos, we define a best fit model with a low velocity anomaly of 50 km thickness with a 30% decrease of shear wave velocity bounded by 88
• W to the West, 87
• W to the East,
5
• S to the South, and 5
• N to the North. The anomaly is designed with these by choosing the largest feasible velocity perturbation and largest predicted thickness of an ULVZ (Garnero, 2000 (Garnero, , 2004 Lay et al., 2004b) as parameters in order to maximize the possible effect of the velocity anomaly on the calculated residual travel time. At these extreme values the ULVZ model can produce a travel time anomaly on the scale of the observations but is restricted to a localized region in map view roughly bound by the prescribed anomaly (Figure 6a ). Figure 6a ), the predicted residuals excluding null observation mimic the pattern formed by the observed differential travel-time residuals (Figures 6a, 6d) . Despite mimicking the pattern produced the geographic extent of the anomaly is inconsistent with the observed residual SKKS-SKS differential travel times. An extensive ULVZ in the region would require a much thinner ULVZ and lower velocity perturbation to match the geographic extent, but such a model would also result in a broadening and flattening of the concave shaped observed along transect AA . Because the ULVZ does not match both the geographic extent and the transect pattern along AA , this model is not the preferred interpretation. We now examine the effect of a plume conduit in the lower mantle ignoring the existence of a plume root as this is defined in our modeling process as a part of structure in D . The model is once again designed to maximize the effect of the low velocity perturbation in the lower mantle so that the overall influence of this type of structure can be determined. To demonstrate this influence we show results from a model in which a vertical plume conduit with a 1
• diameter centered at (87.5
• W, 0.5 • S) is given a modest 5% velocity reduction ( Figure 6b ). This model does not account for complications of plume conduit such as tilting or split up (e.g., Steinberger and O'Connell, 1998) because the potential root of the system is located nearly directly beneath the surface expression of the hot spot, so these complications are unlikely. The results from this model indicate that a plume conduit in the lower mantle has little influence on the residual SKKS-SKS differential travel times. Indeed, the velocity perturbation only influences raypaths that sample either directly beneath or to the southwest of the conduit (Figure 6b ). The limited influence to the southwest specifically beyond the Galapagos Islands signifies that a larger anomaly in the lower mantle would lead to an overestimation of differential travel-time residuals in that region. A smaller plume conduit of the order of 50 km in diameter would show even less influence on the differential travel-time residuals. Hence, this model does not exclude a plume conduit in the lower mantle, but does eliminate the probability of large scale low velocity in the region between the D and 660 km discontinuity.
To test the probability that the differential travel time observations are due to low velocity structure limited to the D region, we limit a 5% velocity reduction to structure to mantle depths greater than 2 650 km and a regular rectangular region. Limiting the shape of the region will allow a first order test on whether structure in the D can roughly mimic our observations. The trades off of velocity perturbation, layer thickness, and geographic complexity are not explored in this modeling exercise as the best fit model would retain large amounts of non-uniqueness and is beyond the scope of determining the first order location of the velocity anomaly along the SKKS raypaths. The model results shown in Figures 6c-6d are for a geographic region bound by 89
• W to the west, 84
• W to the east, 3
• S to the south, and 4
• N to the north. The model while not a best fit model to the data shows two important characteristics. One, the size of the differential travel-time residuals calculated by the model is of the same scale as the observed SKKS-SKS data. Two, the calculated data when binned along the transect AA show the same general characteristic pattern as the observed data where there is a gradual transition to a peak residual before a decreasing rapidly ( Figure 6 ). The two similarities indicate that the observed SKKS-SKS differential travel-time residuals are due to velocity perturbations limited primarily to the D layer.
Discussion
The combined observations of the low velocity along the SKKS raypath, the limitation of this velocity to the D via diagnostic modeling, and the presence of anisotropy in the region provide important clues for interpreting lower mantle structure in this presumably complex region. Multiple studies to the northeast of the study region have characterized regional anisotropy and high velocity structures associated with ancient subducted slab material (e.g., Hutko et al., 2006; Garnero and Lay, 2003; Lay et al., 2004a; Maupin et al., 2005; Rokosky et al., 2004; Reasoner and Revenaugh, 1999; Kendall and Shearer, 1994) . Of particular interest is the study by Hutko et al. (2006) as it not only identifies the structure of the slab beneath the Cocos Plate, but also identifies the presence of a low velocity structure southwest of the slab edge. The existence of this identified structure heeds credence to the observed low velocity structure in this study. The well-established high velocity to the northeast (e.g., Garnero and Lay, 2003) provides an a priori border to the extent of the low velocity region observed in this study. Applying this "border" to the observed residual SKKS-SKS differential travel times in this study, we can roughly limit the anomaly to the region bounded to the west by the observed change in residual differential travels times southwest of the Galapagos Islands (Figure 2 ) and to the north by approximately 5
• N latitude. The bounds to the south and directly east are not well constrained by this data set or previous studies of the D in the region; determining the southern and eastern bounds of this relatively small low velocity structure requires additional data and merits further study. We now consider the more qualitative anisotropy data in combination with the inferred low velocity anomaly. Assuming the anisotropy is due to structure caused by mantle flow at the base of the mantle that is likely present along the SKKS ray path and the low velocity environment, the cluster of observed differential anisotropy indicates the region may be the edge source of local upwelling where the local flow pattern is oriented in the NW-SE direction. The region sampled in this study is the border between two distinct environments, the ancient subducted slab to the West (e.g., Hutko et al., 2006; Garnero and Lay, 2003; Lay et al., 2004a; Maupin et al., 2005; Rokosky et al., 2004; Rea-soner and Revenaugh, 1999; Kendall and Shearer, 1994) and the edge of the Pacific thermochemical pile to the East (McNamara and Zhong, 2005) , which places the region under convergent flow in the NW-SE direction. The convergent flow in such an environment makes it a prime target for the formation of ULVZ's and a source of upwelling in the mantle (e.g., Hernlund and Tackley, 2007) . Based on our sampling azimuths, we would expect splitting of energy due to lower mantle structure to the transverse component to be weak or variable where the flow is in the NE-SW direction or is upwelling because energy along the direction of flow or parallel to the principle axes will not produce splitting in the SKS or SKKS phases (Hall et al., 2004) . If we assume the differences in anisotropy occur in the SKKS raypath, the observations indicate that the highest potential for plume formation at the base of the mantle is located to the west or southwest of the Galapagos Island's surface location.
Given the detected low velocity and the evidence for lower mantle shear wave splitting beneath the Galapagos, a hypothetical D layer structure can be formulated. From the low velocity along the SKKS raypath and differences in shear wave splitting we hypothesize that an upwelling is centered near the geographic point (1
• S, 87
• W) between the slab remnant to the northeast and the thermochemical pile to the west. The validity of this hypothesis is testable given more data specifically sampling this border region between the two large scale structures. Key to confirming or rejecting this hypothesis is determining the borders of the low velocity structure to the East and South. If the low velocity signature is due to upwelling and possible plume genesis, then the structure should be limited in size. As with the northern or western borders, there should be a switch back to high velocity structures within a couple hundred kilometers to the south and east of the region sample in this study. The second key to confirming or rejecting this hypothesis is determining the detailed D flow structure in this border region; a schematic of predicted mantle flow based on our hypothesis is presented in Figure 7 . If the same methodology and same relative azimuths to determine the extent of differential shear wave splitting, then we would expect to observe a region of high differentials to the southeast demarking the southeastern border of the upwelling. Measurements of deep mantle anisotropy have been successful in determining lower mantle structure previously to find the root Hawaiian plume and the structure of low velocity provinces (e.g., Russell et al., 1998; Fouch et al., 2001; Wang and Wen, 2007) ; determining if there is upwelling in this region would yield evidence for or against a plume root to the southeast of the Galapagos Islands. Such high quality measurements of anisotropy in the region with a greater azimuthal sampling would provide a definitive flow structure for the region providing critical understanding to the dynamics of this border region and consequently the interaction of slab material and thermochemical piles in the deep mantle.
Conclusions
In this study we analyzed SKS and SKKS waveforms from 16 events in the Tonga Trench recorded by the BOLIVAR array in Venezuela and southern Caribbean between 2003 and 2005. The region is unique and critical to the understanding of larger scale mantle dynamics and plume formation as it is located on the border between the large thermochemical pile in the Pacific and remnants of ancient subducted slab to the Northeast (McNamara and Zhong, 2005; Hutko et al., 2006; Garnero and Lay, 2003) . Calculation of SKKS-SKS residual differential travel time yielded evidence of a low velocity zone east of the Galapagos Islands as correlation statistics of the residuals and the absolute travel times of the individual phases constrain the velocity perturbation to the region sampled by the SKKS raypaths. Modeling of three diagnostic types of structures, a ULVZ, a plume conduit, and a D layer structure, yields information that the observations are influenced primarily by structure in the D layer. Using an analysis of amplitude ratios, it was determined that azimuthal anisotropy is present in the region and may demark the edge of an upwelling structure beneath the Galapagos. We hypothesize that a plume root is present at the base of mantle likely centered near (1 • S, 87
• W)
as a consequence of the compression of D material between the thermochemical pile to the west and the sweeping of the ancient subducted slab to the Northeast. In order to confirm or reject this hypothesis determining the flow pattern from more detailed anisotropic measurements and the locating the edges of the D low velocity anomaly to the east and south are critical. Obtaining and analyzing data that samples the border region in detail from multiple azimuths is a goal worthy of further study.
